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Pecan is the most valuable nut tree native to North America (Hall, 2000) . Its native range extends from northern Illinois and southeastern Iowa to the Gulf Coast of the United States where it grows abundantly along the Mississippi River, the rivers of central and eastern Oklahoma, and the Edwards Plateau in Texas (Thompson and Grauke, 1991) . Isolated populations are also found in Mexico, where it grows as far south as the state of Oaxaca (Thompson and Grauke, 1991) . Today, pecan is cultivated outside its native range, and commercial production has been expanded to many other regions of the United States and Mexico.
The tree canopy is a complex solar collection system possessing leaf and shoot subsystems consisting of numerous parts. Orchard crops, such as pecan, typically intercept 65% to 70% of the available sunlight (Wood, 1996) with up to 95% light interception in overcrowded, unpruned orchards (Lombardini, 2006) . Orchard profitability depends on efficient absorption and use of light because sunlight is the source of energy that drives the biological production of dry mass (Garriz et al., 1998) . Therefore, many training and pruning techniques are designed to maximize total light interception as well as to ensure good light penetration into the canopy (Li and Lakso, 2004) . Low irradiance affects net photosynthesis (P N ) directly by reducing the utilization of photon energy, but this effect differs between plants and is dependent on their saturation irradiance (Gregoriou et al., 2007) . Thus, the relationship between P N and PPF density provides information that is useful as a physiological model of leaf, plant, or canopy growth (Hanson et al., 1987) .
Morphological, physiological, and biochemical modifications are required for acclimation of photosynthesis to high and low light levels (Björkman, 1981; Taiz and Zeiger, 2006) . Leaves on the outside of the tree canopy are typically adapted to high light (sun leaves), while leaves growing in the more shaded, inner canopy generally exhibit adaptations to low light conditions (shade leaves) (Lambers and Poorter, 1992) . Sun and shade leaves have additional contrasting characteristics. Sun leaves are able to increase light-saturated photosynthetic capacity by increasing soluble protein, rubisco activity, and components of the electron-transport chain (Olsen et al., 2002) . Shade leaves have inherently low photosynthetic rates, contain more total chlorophyll per reaction center, have a smaller Chl a/b ratio, and are generally thinner than sun leaves (Björkman, 1981; Taiz and Zeiger, 2006) .
Carbon assimilation is not the only component of plant gas exchange affected by solar radiation intensity. Species limited in natural distribution to moist sunny locations have dark respiration rate (R d ) values in the range of 0.67 to 1.33 mmolÁm -2 Ás -1 of CO 2 , whereas R d in species from the shaded floor of dense forests range from 0.10 to 0.27 mmolÁm -2 Ás -1 of CO 2 (Björkman, 1968) . Light compensation point (L CP ) is the level of illumination at which photosynthetic fixation of carbon dioxide matches respiratory loss. Reported L CP values for various fruit trees species range between 1 and 25 mmolÁm -2
Ás
-1 for shade leaves and between 28 and 67 mmolÁm -2
-1 for sun leaves (Vanden Heuvel et al., 2004) . In sun leaves of nut trees, reported L CP values are 29 mmolÁm -2 Ás -1 (Rosati et al., 2006) and 56 mmolÁm -2 Ás -1 (Higgins et al., 1992) Ás -1 for hazelnut (Corylus avellana L.) (Hampson et al., 1996) .
Several authors have studied the effect of light availability in orchard crops. Shading reduced total leaf area in walnut (Juglans regia L.) (Atanasova et al., 2003; Ryugo et al., 1980) , altered leaf chlorophyll concentration and Chl a/b ratio in grapefruit (Citrus paradisi Macf.) and sweet orange (Citrus sinensis L.) (Syvertsen and Smith, 1984) , hazelnut (Hampson et al., 1996) , and peach [Prunus persica (L.) Batsch.] (Kappel and Flore, 1983) , decreased the stomatal density in hazelnut (Hampson et al., 1996) and olive (Olea europaea L.) (Gregoriou et al., 2007) , and reduced R d , maximum net CO 2 assimilation (A max ), lowered L CP in grapevine (Vitis vinifera L.) (Vanden Heuvel et al., 2004) , and affected light-saturated photosynthesis in apple (Malus ·domestica Borkh.) (Li and Lakso, 2004) . When pecan trees were shaded for 14 d with shadecloth (30% full sunlight), P N and transpiration rate were reduced compared with leaves in full sunlight by 60% to 70% and 50%, respectively (Andersen and Brodbeck, 1995) . The same study also showed that short-term shading induced physiological adaptations such as reduced R d , L CP and light saturation point.
Pruning is a common practice in orchard management for the improvement of light penetration and utilization and for increasing flowering and fruiting. Hedge-pruning increased the amount of light penetration between pecan trees, but not within individual tree canopies, and was not associated with any change in production and nut quality (Malstrom et al., 1982) . A more recent study showed that some pruning techniques induced a proportional increase in the fraction of total solar radiation intercepted by the tree canopies, and that crowding reduced the amount of light intercepted per unit of leaf area (Lombardini, 2006) .
While the short-term effect of artificially shaded leaves of young pecan trees has been investigated early in the growing season (Andersen and Brodbeck, 1995) , there is no information about the photosynthetic performance of sun and shade leaves of mature pecan trees. In particular, little is known about the change in photosynthesis activity of pecan leaves throughout the growing season. The objective of the present work was to quantify the effects of differences in light intensity on the morphological characteristics and seasonal physiological performance of sun and shade leaves of field-grown pecan trees. The two cultivars chosen (Pawnee and Stuart) differ in their history and utilization and are probably the two most important ones used commercially (Grauke and Thompson, 1995; Thompson and Grauke, 1991; Thompson and Grauke, 2000; Thompson and Hunter, 1985) . 'Stuart' has been the most popular cultivar for almost a century (Grauke and Thompson, 1995) , while 'Pawnee' has recently become the most widely planted pecan cultivar (Thompson and Grauke, 2000) . Both cultivars have a moderate tendency to biennial bearing, but there are few published results on their seasonal carbon assimilation and the effect of additional light received at the leaf level.
Materials and Methods
The experiment was conducted during the 2007 growing season at the Texas A&M University J. Benton Storey Pecan Experimental Orchard (lat. 30°31#N, long. 96°24#W, elevation 67 m), located near College Station. The 3.5-ha orchard was established in 1984 on a Westwood silt loam soil (0% to 1% slope, fine-silty, mixed, thermic Fluventic Ustochrepts). Five mature pecan trees per cultivar (Pawnee and Stuart) were randomly selected based on uniformity of size, vigor, crop load (selected trees had 10% to 20% of terminals with fruit), and location within the orchard. All trees were spaced at 10.7 · 10.7 m and had 56 ± 5 cm diameter trunks measured at 1.3 m above the ground. Pecan trees were managed according to the recommendations of Texas AgriLife Extension for commercial pecan management, which included rowcover crop maintenance, weed removal, nutrient management, and pesticide application (Texas Agricultural Extension Service, 2007) . 'Pawnee' trees were harvested on 27 Sept., and 'Stuart' trees were harvested on 22 Oct.
Treatments were established according to the leaf type (sun or shade leaves). Sun leaves were growing on exterior portions of the tree canopy and were exposed to full sunlight ($1500 mmolÁm -2
Ás
-1 PPF) for most of the day (southern exposure). Shade leaves were growing in interior parts of the tree canopy (#100 mmolÁm -2
-1 PPF). Above-and inside-canopy PPF was measured using a ceptometer (AccuPAR; Decagon Scientific, Pullman, WA). Measurements were always carried out on days characterized by sunny conditions. PHOTOSYNTHETIC LIGHT RESPONSE CURVES. Light response curves were performed on three leaves per leaf type and cultivar using a portable IR gas analyzer (LI-6400; LI-COR, Lincoln, NE) equipped with a standard LI-6400, 2 · 3-cm leaf chamber and a red/blue light source (6400-02B, LI-COR). Four sets of 3-d measurements [26-28 June, 30 July-1 Aug., 28-30 Aug., and 17-19 Oct. (referred to as ''June,'' ''July,'' ''August,'' and ''October'' measurements, respectively)] were carried out in the orchard between 1000 and 1500 HR. At each measurement set, one curve per leaf type per tree per day was created, for a total of 60 curves per set. At the time of measurement, leaf temperature ranged between 25 and 30°C and chamber temperature was kept constant at 30°C. Chamber CO 2 concentration was kept constant at 380 mLÁL -1 and light levels were obtained using the red/blue light source connected to the IR gas analyzer, which was programmed to provide nine PPF levels (0, 50, 200, 400, 600, 800, 1000, 1200, and 1500 mmolÁm
). Measurements were performed on vegetative branches (about 2 cm in stem diameter) that were cut from the midportion of the canopy using a pole pruner and were immediately placed in water, where the stems were recut to reduce the risk of embolism in the xylem. Leaves were allowed to adapt to each light level for 2 min before each point was recorded. A max , R d , and L CP were calculated by fitting data to the nonlinear regression model described by Hanson et al. (1987) , with PPF levels as the independent variable. CHLOROPHYLL ANALYSIS. After completion of the August set of light response curves, 20 to 30 mg of leaf lamina was collected using a paper puncher from the same leaflet used for the curve, avoiding major veins. Leaf portions were placed in 80% acetone, and Chl extraction was completed using the method described by Kirk (1968) . The amount of absorbance was read at 645 and 663 nm using a spectrophotometer (model UV1700; Shimadzu, Columbia, MD). Absorbance readings were used to calculate leaf Chl concentrations (Kirk, 1968) . Leaf absorbance readings were also taken during the August measurements using a chlorophyll meter (SPAD-502; Minolta, Ramsey, NJ) as a nondestructive tool for estimating leaf Chl (Markwell et al., 1995) .
CHLOROPHYLL FLUORESCENCE. Leaf chlorophyll fluorescence measurements were carried out during the August measurements using a continuous excitation chlorophyll fluorescence analyzer (Handy PEA; Hansatech Instruments, Kings Lynn, UK). Leaves were acclimated to the dark using lightweight leaf clips for at least 20 min before measurements were taken (Greer, 1995) . Baseline (F 0 ) and maximum (F m ) fluorescence were measured and variable (F v = F m -F 0 ) fluorescence and the ratio of variable fluorescence to maximum fluorescence (F v /F m ) ratio were calculated from these data.
EPIDERMIS CHARACTERISTICS. Fifteen fruit and leaf type per tree were collected during the July set of measurements to determine stomatal density [SD (measured in number of stomates per square millimeter)] and trichome density [TD (measured in number of trichomes per square millimeter)]. Leaves and fruit were collected from branches adjacent to those used for the photosynthetic light response curves. SD and TD in leaves and fruit were estimated following the technique described by Sagaram et al. (2007) . Trichome type on the fruit epidermis was determined according to the description done by Grauke et al. (1987) .
LEAF AREA. One compound leaf per treatment was collected during the July and August measurements, scanned with a compact color flatbed scanner (PowerLook 2100XL; UMAX, Taipei, Taiwan), and saved as a digital image (TIFF format). Leaf area was then measured from the digital images using a Java image-processing program (Image J; National Institute of Mental Health, Bethesda, MD). Leaf fresh and dry mass (FM and DM, respectively) of the same leaves were measured gravimetrically, and specific leaf area (SLA) was calculated on a dry mass basis by dividing the leaf area of one leaf by its dry mass. Data were subjected to analysis of variance by using a completely randomized design. Where a significant F-test was observed, means separation between treatments was obtained using Tukey's test. Data were analyzed using Statistix (version 8.0; Analytical Software, Tallahassee, FL). Individual photosynthetic response curves were fitted using nonlinear regression through the average of three measurements per tree at each light level (Sigmaplot 9.0; Systat Software, San Jose, CA) using the equation provided by Hanson et al. (1987) .
Results
PHOTOSYNTHETIC LIGHT RESPONSE CURVES. Photosynthetic light response curves did not reveal clear differences between 'Pawnee' (Fig. 1) and 'Stuart' (Fig. 2) . In both cultivars, net CO 2 assimilation rate was greater in sun leaves than in shade leaves. On each date, shade leaves had lower A max , L CP , and R d than sun leaves (Fig. 3) . Compared with the measurements in June, 95% A max was reached at higher light intensities (hereafter referred to as the light saturation point) at subsequent Data are average ± SE (n = 5); curves were fitted according to Hanson et al. (1987) . Arrows indicate 95% of maximum light saturated photosynthesis (A max ).
dates ( Figs. 1 and 2 ). For both cultivars, this lead to reduced quantum use efficiency for leaves growing later in the season. Quantum use efficiency values (assimilated CO 2 /quanta received) at the light saturation point decreased from 0.020 in June, to 0.017 in July, to 0.014 in August, and 0.011 mmolÁmmol -1 in October for 'Pawnee' sun leaves, and from 0.021 in June, to 0.020 in July, to 0.014 in August, and 0.007 mmolÁmmol -1 in October for 'Pawnee' shade leaves. For 'Stuart', these values decreased from 0.019 in June to 0.016 for sun leaves growing in July and August to 0.010 mmolÁmmol -1 in September. Quantum use efficiency of shade leaves of 'Stuart' decreased from 0.021 in June to 0.017 in July to 0.016 in August and 0.011 mmolÁmmol -1 in September. Values of A max remained relatively stable in shade leaves during all sampling dates. In sun leaves, A max varied little on the first three sampling dates but showed a 60% reduction on the fourth measurement (Fig. 3 , A and B), whereas this reduction was not observed in shade leaves. In general, R d (Fig. 3, C and D) remained constant throughout the season in shade leaves of both cultivars, but decreased in sun leaves. L CP increased through time (Fig. 3 , E and F) for leaves of both cultivars and this trend was observed in sun and shade leaves, although at different intensities. In 'Pawnee', L CP was identical in sun and shade leaves on the last measurement of the season. CHLOROPHYLL ANALYSIS. 'Stuart' leaves had 10% more total Chl per unit fresh weight than 'Pawnee' leaves (P = 0.067, Table 1 ). This was almost entirely due to the higher Chl b content in 'Stuart' leaves (+13%, P = 0.026, Table 1 ) compared with 'Pawnee' leaves. This is also supported by the higher Chl a/b ratio in 'Pawnee' leaves (2.1 vs. 2.0, P = 0.053, Table 1 ). There was no statistically significant effect of leaf type on the total Chl concentration, in spite of a small increase in Chl b concentration in the shade leaves of both cultivars (+11%, P = 0.064, Table 1 ). SPAD readings indicated that 'Stuart' sun leaves had a higher leaf absorbance than the other leaf types. F v /F m was higher in 'Pawnee' sun leaves than in shade leaves (0.82 vs. 0.78, P < 0.05, Table 1 ), but was unaffected by leaf type in 'Stuart.' There was also a cultivar · leaf type interaction, with a greater decrease in Fv/Fm ratio in 'Pawnee' leaves due to the shade (0.82 vs. 0.78) than in 'Stuart' leaves (0.81 vs. 0.80).
LEAF AREA. For both cultivars, SLA was greater for shade leaves (Table 2) . A mass did not differ between the cultivars, and was only significantly higher for 'Pawnee' sun leaves when compared with 'Stuart' shade leaves (Table 2) . EPIDERMIS CHARACTERISTICS. Leaf SD was affected by cultivar and leaf type (Table 3) . 'Stuart' had 42% and 34% greater SD than 'Pawnee' for sun and shade leaves, respectively. Within the same cultivar, SD of sun leaves was 23% and 30% greater than shade leaves in 'Pawnee' and 'Stuart', respectively. There was no cultivar · leaf position interaction. SD in fruit was between 1% and 2% of leaf SD and, as for leaf SD, fruit exposed to the sun had a greater SD than those growing in the shade. Density of either trichome type was unaffected by leaf type or cultivar (Table 3) . Density of concave Data are average ± SE (n = 5); curves were fitted according to Hanson et al. (1987) . Arrows indicate 95% of maximum light saturated photosynthesis (A max ).
peltate trichomes was the same in both cultivars and fruit type. The number of bladder-like trichomes in 'Pawnee' sun fruit was about three times greater than in 'Stuart' shade fruit.
Discussion
The study revealed that pecan shade leaves exposed to saturating radiation are about half as effective as sun leaves in assimilating CO 2 . Light saturation points were lower for shade leaves and steadily increased as the season progressed for both leaf types. In both leaf types and cultivars, quantum use efficiency values were similar at a specific measurement date, but decreased as the growing season progressed. The research also revealed that late-season photosynthetic capacity was maintained in shade leaves, whereas it was reduced to about 60% in sun leaves. There were no major physiological or morphological differences between 'Pawnee' and 'Stuart', although the two cultivars differ greatly in their history, origin, and phenology. 'Pawnee' originated in 1963 from a controlled cross of 'Mohawk' and 'Starking Hardy Giant' done at the U.S. Department of Agriculture, Agricultural Research Service station in Brownwood, TX (Thompson and Hunter, 1985) ; it is protandrous (i.e., male flowers develop first) and is very early in nut maturation, with fruit maturing in mid-September in central Texas (Thompson and Grauke, 2000) . 'Stuart' originated from a seedling planted around 1874 from a nut of unknown parentage in Pascagoula, MS. 'Stuart' is protogynous (i.e., female flowers develop first) and ripens in midseason (i.e., late October/early November in central Texas) (Thompson and Grauke, 2000) . The only differences between the two cultivars were observed in some of the parameters related to the photosynthetic apparatus (Chl and Fv/Fm) ( Table 1 ) and in the magnitude of SD (Table 3) . Sun and shade leaves of 'Stuart' had, in fact, a greater SD than sun and shade leaves of 'Pawnee'. Because 'Stuart' leaves had greater SD than 'Pawnee', it could be expected that gas exchange and leaf biomass accumulation are accordingly greater. However, the greater SD observed in 'Stuart' did not lead to greater A max , SLA, or A mass (Table 2 , Fig. 3 ). This suggests that the overall stomatal conductance (g S ) was smaller in 'Stuart' or that the photosynthetic process in 'Pawnee' is somehow more efficient than in 'Stuart'. Because g S has a proportionally greater effect on water vapor exchange than CO 2 exchange during times of moderate to low water availability (Jarvis and McNaughton, 1986) , we could also expect that 'Stuart' leaves may be more water efficient, but this hypothesis remains to be tested. The very low SD found in the fruit epidermis is in the range reported for most species (Aschan , 2003) . One of the reasons for the low SD in fruit is that the number of stomates is set at anthesis and therefore their density decreases with fruit expansion (Blanke and Lenz, 1989) . The low fruit SD indicates that despite the presence of apparent chlorophyll (not measured), pecan fruit likely have very low gas exchange rates with the atmosphere. Carbon assimilation in reproductive organs is quite common in herbaceous and annual plants (Aschan and Pfanz, 2003) . The small SD found in fruit epidermis does not necessarily translate into low photosynthetic rates. While leaves and green stems are specialized in light harvesting and photosynthetic assimilation by using atmospheric CO 2 , chlorophyll-containing bark, fruit, and root typically perform photosynthesis by recycling CO 2 produced by respiratory processes (Aschan and Pfanz, 2003) . While no clear differences were revealed by chlorophyll analysis, SPAD measurements, or chlorophyll fluorescence between sun and shade leaves of either cultivar, distinct differences were found in epidermal and physiological features. As expected, shade leaves in both cultivars had greater SLA (Table 2) , lower A mass (Table 2) , and lower SD (Table 3) . As reported for other shade leaves or plants (Björkman, 1981) , R d and L CP were lower in shade leaves than in sun leaves. Only in October were R d and L CP similar in the two leaf types of 'Pawnee'. When compared at the same date, 'Pawnee' shade leaves had reduced R d and greater L CP , compared with 'Stuart' shade leaves, suggesting a loss of efficiency, possibly due to more advanced senescence in 'Pawnee'. This could be related to the early nut maturation of 'Pawnee' and to the fact that 'Pawnee' trees had been harvested for about 3 weeks at the time of the October measurements while 'Stuart' trees were still bearing nuts. Crews et al. (1980) found a statistically significant decrease in activity of rubisco between May and August in three pecan cultivars (Brooks, Mobile, and Stuart), without differences among the cultivars. The same study also reported a 40% decrease in net photosynthetic rate between 15 Aug. and 15 Sept. Sparks and Brack (1972) reported that the presence of leaves in 'Stuart' late in the growing season was crucial in affecting return bloom and fruit set the following year. When leaves were removed on 1 Sept., the number of pistillate flowers/shoot and the numbers of fruit set/shoot decreased, thus indicating that even if carbon assimilation rate in late season is lower, it is still crucial for fruit development (Sparks and Brack, 1972) .
Interestingly, both cultivars showed a similar decline in A max at the time of the October measurement. Although in 'Pawnee', the decline could have been caused by the removal of the fruiting sink strength caused by early harvest, the similar reduction observed in 'Stuart' (which had not been harvested at the time of the October measurement) suggests that leaf senescence rather than modification of the source/sink ratio was the likely cause of the reduced photosynthetic performance. Wood (1988) found that the presence of fruit in the ''on'' alternate-bearing phase increased photosynthesis and inhibited the rate of leaf senescence in pecan trees. However, the study compared trees in the ''on'' versus ''off'' year and not preversus postharvest conditions, as was the case for the results presented here.
Sun leaves had higher rates of A max than shade leaves and maintained this advantage for most of the growing season. The literature indicates that shade leaves are more efficient under low light conditions thanks to a specialized anatomy (e.g., singlelayered palisade parenchyma and a higher SLA) and physiological adaptations (e.g., reduced Chl a/b) (Givnish, 1988; Taiz and Zeiger, 2006) . Results from this study show an increased SLA in shade leaves of both cultivars; however, we did not observe a shift in Chl a/b ratio.
The results presented here may explain why pecan trees in general can tolerate severe hedging-type pruning and still maintain high productivity in areas characterized by relatively high light regions such as the southwestern United States and east-central Australia. The reduction of canopy size caused by hedging likely increases the ratio of sun-exposed leaves to shaded leaves, thus boosting carbon gain per unit leaf area. Recent research has proved that hedging programs are not recommended for more humid regions such as the southeastern United States because of the overall lower seasonal solar radiation, which may prohibit sun leaves from performing photosynthesis at full capacity (Wood, 2009) .
The results from this study present new information on photoassimilation characteristics of pecan foliage. Although there were no major differences in the photosynthetic performance of the two cultivars chosen, it could still be worthwhile to compare these results with other cultivars and study the importance of seasonal carbon assimilation, particularly late in the season. The autumn assimilation drop in sun leaves, without The data are shown with the mean value ± SE. y Means within column separated using Tukey's test. Means followed by the same letter are not significantly different at P < 0.05. Means within column separated using Tukey's test. Means followed by the same letter are not significantly different at P < 0.05. a corresponding assimilation drop in shade leaves, is especially noteworthy and is a significant finding. The results provide baseline information relevant to improving management of alternate bearing and development of improved canopy pruning strategies (i.e., management of the orchard light environment). Carbon assimilation studies may offer additional insights to help understand the role of early nut maturation and late-season carbon assimilation in relation to alternate bearing. Investigations such as the one presented here may eventually help to identify pecan cultivars capable of maintaining high photosynthetic rates at lower light levels.
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